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f Phototransduction, which converts light energy into 
neuronal impulse, takes place in the rod outer seg- 
ments J>f retinal photoreceptor cells: These cells con- 
tain several highly specialized proteins such as 
rhodopsin, cyclic guanosine 3', 5 '-monophosphate 
(cGMP), phosphodiesterase (PDE), Na + channels 
protein and rhodopsin kinase that mediate photo- 
transduction cascade (Stryer, 1988; Chabre and 
Deterre, 1989). 7 ' 

One of the major soluble proteins in photoreceptor 
cells, S-antigen (S-Ag; 48-kDa protein or arrestin) is 
reported to have an inhibitory role in the activated 
phototransduction cascade. Although the exact 
mechanism of the inhibition is not known, it is 
postulated that S-Ag binds to the photoexcited phos- 
phorylated rhodopsin and\quenches the elevated 
light-dependent cGMP-PDE activity (Kuhn et al. t 
1984; Kuhn and Wilden, 1987; Bennett and 
Sitaramayya, 1988). Alternatively, S-Ag may directly 
inhibit cGMP-PDE activation (Zuckerman and 
Cheasty, 1986; Fukuda et a/., 1990). More recently it 
has been reported that it is an Inhibitor of the 
rhodopsin phosphatase (Palczewski et al. y 1989). 

S-Ag is also a highly antigenic protein which 
induces experimental autoimmune uveitis and 
pineatitis in susceptible animal species (Wacker et a/.. 
1977; Faure, 1980). These autoimmune inflam- 
mations have been studied extensively for many years 
as an animal model for human uveitis (Faure, 1980). 

The pineal gland is an organ closely related to the 
retina and pinealocytes in most species also bear 
photoreceptor outer segments with their proteins. 
Interestingly, the mammalian pineal gland is believed 
to have lost its photoreceptor function as it evolved 
from a median eye into a secretory organ. In the 
course of evolution, some major photoreceptor pro- 
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teins, such as rhodopsin and a -transducin (Tor) might 
have been eliminated or reduced to minute amounts 
(van Veen et a/., 1986). In contrast, other retinal 
proteins such as S-Ag and 33-kDa protein (Abe et a/., 

1990) are major proteins in the mammalian pinealo- 
cytes. The role of S-Ag in the mammalian pineal 
gland is poorly understood. It is believed to bind to 
the phosphorylated ^-adrenergic receptor to inhibit 
activation of hormonal stimulation (Benovic et a/., 
1987). 

In last few years, cDNAs (Shinohara et al. t 1988) 
and genes for S-Ag have been isolated from several 
animal species (Yamaki et al., 1990; Tsuda et a/., 

1 991 ) . In addition, a cDN A for -arrestin (fi-A) from 
rat brain has been characterized (Lohse et al t 1990). 
The genes for retinal S-Ag of human (Yamaki et a/., 
1990), mouse (Tsuda et al., 1991), cow, Orosophila 
arrestin PA) (Smith et ai % 1990; Hyde et a/., 
1990), and 49-kDa arrestin-homolog (49-kDa AH) 
(Yamada et aL % 1990) were studied. Sequence analysis 
revealed that mammalian S-Ag genes are highly 
homologous and have 16 exons interrupted by 15 
introns spanning approximately 50 kbp in length 
(Yamaki et ai, 1990; Tsuda et a!. t 1991). The three 
longest exons, approximately 200 bp, are the 1st, 5th 
and 16th. The remainder are relatively small, es- 
pecially the 13th and 15th exons which have only 24 
and 10—1 1 bp, respectively. In contrast, the introns 
are significantly larger than the exons and the average 
size of introns is approximately 3 kbp in length. The 
genes comprise 97% introns and 3% exons. Each 
splice junction was in good agreement with the 
GT/AG rule (Breathnach and Chamborn, 1981) for 
the nucleotides immediately flanking each exon bor- 
der. Jn contrast to the mammalian genes, Drosophila 
49-kDa AH and DA genes consist of three introns 
with four exons and two introns with three exons, 
respectively, spanning approximately 2-3 kbp in 
length (Smith et aL, 1990; Hyde et ai y 1990; Yamada 
et a/., 1990). 

These data may be evaluated from an evolutionary 
perspective since the first exon encodes with the 
5'-noncoding region of mammalian mRNAs, the 
coding region is covered by the remaining 1 5 exons 
with an average size of approximately 80 bp. In 
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Fig. I. Comparison of ammo acid sequences and splice junctions in a family of S-Ags and their genes. 
The amino acid sequences from human retina (Hu) (Yamaki a ai % I98S), mouse retina (Mo) (Tsuda et al , 
1988), rat relma (RR) (Abe et at., 1989), bovine retina (Bo) (Yamaki tt al., 1987; Shinohara et al t 1987). 
rat pineal gland (RP) (Abe and Shinohara, 1990), /J-arrestio from rat brain (fiA) (Lohse et al. 1990)- 
Dr osophUa arrestin (DA) (Smith et a/.. 1990; Hyde et ai.. 1990); and Drosophila 49-kDa AH (49) (Yamada 
et al., 1990) Identical ammo acid residues with the human sequence are indicated by colons. An arrowhead 
indicates splice junctions; arrow pointing upward indicates Drosophila and arrow pointing downward 
indicates human, mouse and part of bovine. The numbers above (mammalian) and below (Drosophila) 
the arrowheads indicate the splice junctions. A hyphen was inserted for creating the maaimura alignment. 
The number at the end of the sequence indicates the total amino acid residues in each protein. 
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-pf-jhumao. mouse, Drosophila S-Ag (DA) and 49-kDa AH. We believe that a 
co^on '<i^t^^e -m&'-ap''intrdn has evolved into the S-Ag genes by "intron insertion". The black 
boxes and vertical Unes ynth numbers above (Drosophila) and below (mammalian) indicate the exons and 
horiTOntal Unes indicate iritrohs. Exphs 1 and 2 of 49-kDa AH may correspond to exons I, 2 and 3 of 
DA, and to exons 2rI5 of mainmaliari S-Ag. Exon 2 and 3 of DA may correspond to exons 3-12 and 
13-15 of S-Ag, respectively. The last exons (3 in 49-kDa AH, 4 in DA and 16 in mammalian S-Ag) might 

diverge. 



;eo^rast^to ^ genes, Drosophila DA 

The first splice 

-juncfeon-^ 3rd splice junc- 

.dpn^tte /^ only one amino acid 

ie?id^ marj^aiian 11th junction. 

Tie; jirnrd junction^ confined to a small 

re#^^ and 15th splice 

junctions (Fig. 1). However, the 49-kDa AH gene has 
two splice junctions arid the 2nd one contains a 
p'Cttej^^ir^on.-wlu^'is similar to the mammalian 
1 4th and 1 ?th j u nctipns (Fig. I). A high degree of 
amino acid sequence conservation in mammal and 
Drosophila wiis found throughout the S-Ag molecules 
(50^ in D^A^ and 49-kDa AH/S-Ag, 60% in 
pA/49rkPa AH, and 75% in S-Ag/0-A). The only 
exception was found at the C-terrninus regions 
(Fig. ij. These data suggest that the S-Ag gene may 
r^ve eyplveil from a common ancestral intron-poor 
gene to the genes detected in Drosophila with two to 
three introns (17-19) or mammalian genes with 15 
introns by intron insertion (Fig^ 2). However, it is 
jfwsa ble ^ have evolved from the 

ancestral inttori^ch gene to the intronless gene by 
jntrpn\ i d^letidn (Fig. 2). It is of interest to find the 
gene structure of bacterial S-Ag, such gene structure 
altered by intron insertion or deletion might play a 
role in the evolution of S-Ag genes. 

The length of the S'-noncoding sequence in S-Ag 
mRNA is relatively long (nearly 400 nt). The non- 
coding sequences on most vertebrate mRNAs fall in 
the range of 20-100 nt (Kozak, 1978). The effects of 
noncoding length on translation^! efficiency are not 
well understood. Interestingly, two to three small 
open reading frames (ORF) were found in the 5'-non- 
coding region of mammalian genes. This feature 
is not so uncommon; approximately 9% of the 
vertebrate mRNAs, including oncogenes, have ad- 
ditional upstream ATG codons, and they typically 
have only one ORF (Mulleller and Hinnebusch, 
1986). None of the sequences surrounding the ATG- 
triplets of these ORF matches Kozak's consensus 
sequence for an efficient initiator of translation 
(Kozak, 1978). However, the exact functional role of 
this configuration and whether or not it produces a 
protein or if it forms a secondary structure within 



the small open reading frame remains unknown. 
Evidence suggests that the level of translation of 
some mRNAs like the GCN4 in the yeast (Mulleller 
and Hinnebusch, 1986) and ^-adrenergic receptor 
(Kobilka et al. t 1987) are inhibited in part by similar 
ORF. In the Drosophila S-Ag, there is no additional 
ORF in the 5'-noncoding region of mRNAs. 

The 5'-flanking region of the mammalian S-Ag 
gene, approximately 1.0 kbp in length, had no typical 
regulatory elements for transcription such as t^e 
TATA, CAAT and GC boxes, while a Drosophila 
gene (DA) has TATA and CAAT boxes. We found 
a poly (A) attaching signal sequence (AATAAA) at 
the end of the 3'-noncoding sequence in human and 
mouse S-Ag genes. 

Although the 5'-flanking regions of S-Ag genes 
lack the typical regulatory elements, the 5'-flanking 
region of the mammalian genes had promoter activity 
in an in vitro, transcription assay using a nuclear 
extract of rat brain. A major transcription start site 
was found approximately 400 bp upstream from the 
translation start codon ATG in these three mam- 
malian genes. To study the elements regulating the 
expression of S-Ag, we generated several transgenic 
mice expressing the chloramphenicol acetyl trans- 
ferase (CAT) bacterial reporter gene under the con- 
trol of a 1,300 bp 5' -flanking segment of the mouse 
S-Ag gene. Analysis of those mice revealed that CAT 
activity was present in the retina, pineal gland, lens 
and brain (Breitman et al. t 1991). Immunoblotting, 
polymerase chain reaction- mediated (PCR) detection 
of RNA of S-Ag in these tissues, and immunocyto- 
staining of transgenic mouse tissues with antibodies 
to CAT and S-Ag established that the profile of 
expression of the transgene corresponded to that of 
S-Ag; both proteins were detectable in retinal photo- 
receptor cell, pinealocytes, lens fiber and epithelial 
cells, the cerebral cortex and cerebellum. This indi- 
cates that the DNA 1,300 bp in the 5'-flanking is 
sufficient for tissue specific expression of CAT and 
S-Ag [24]. In contrast to the mouse and bovine 
5 '-flan king region, there are two Alu repeat sequences 
which were present in the corresponding region of 
the human gene (Yamaki et al. t 1990). Conservation 
of the nucleotide sequences in the 5'-flanking region 
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of the mammalian genes was restricted from 1 to 
-270 bp. Taken together, these results suggest that 
the transcriptional regulatory element for expression 
of S-Ag is located from I to -270 bp. 

The retina and pineal gland in mammalian species 
have different functions such as photo transduction 
and the secretion of hormones. The S-Ag and inter- 
photoreceptor retinoid-binding protein (IRBP) are 
detected at high level in the retina and pineal gland. 
Promoter sequence for both IRBP and S-Ag genes 
lack the typical transcriptional regulatory elements 
(Breitman etal., 1991; Ltou eta!., 1990). In compari- 
son, the other genes expressed in the photoreceptor 
cells such as opsin, PDE and Tot genes which contain 
TATA and CAAT boxes, are not appreciably accu- 
mulated in the pineal gland (van Veen et aL, 1986). 
High level protein accumulation in the pineal gland 
may be in part due to the structural difference of the 
promoters. 

Although S-Ag was previously believed to be a 
highly specialized single protein, it is now apparent 
that S-Ags are a family of multiple similar proteins. 
/? -Arrestin, a homolog in the /(-adrenergic receptor 
system has highly homologous sequence (75% simi- 
larity) with S-Ag, including the concensus sequences 
of the phosphoryl binding sites such as G/A-X-X-X- 
X-G-K (135-141) and D-X-X-G (73-76) were well 
conserved between S-Ag and 0-arrestin (Fig. I). 
There is a high degree of homology between two 
Drosophila DA and 49-kDa AH. Moreover, conser- 
vation of secondary structure is also high among DA, 
49-kDa AH, the mammalian S-Ag, and /J-arrcstin 
(Lohse et al, 1990). However, selected differences are 
apparent, DA lacks a CMerminus domain which is 
postulated to be a rhodopsin binding site (Shinohara 
et al. ? 1988). In addition, the presumptive phosphoryl 
binding sites are conserved well in a single exon in 
the mammalian species but are diverged in the 
Drosophila. Thus, each protein in a family of S-Ag 
may have a similar role in its function in different 
tissues. 
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